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I. L
It seems possible that major errors in the calculation
of 9~ coefficient of the thermal utilization in the hetero-
geneous nuclear reactor latiices should be determinedly
excluded by means of a transition from a mne-velocity diffu-
sion equation to a kdnetir ~nuation of thermalization with
its rather detailed description of the cross-sections of the
introduction between neutrons and chemically bound moderator
nuclei in a thermal movem=2nt, The research dedicated to this
programm has been going on for already a few years anf,

in fact, are nearing completion now,

Yet, in the cases of numerous calculation versions,
those of nuclear fuel burnout included, the overall considera-
tion of Ikinetic and thermalization effects is extremely
cumbersome, This primarily concerns lattices containing not
only 3eparate cylindrical fuel elements but rathexr whole
bundles of them or a system of co-axial tubes, in other words,
channels, surrounded by a moderator layer which is thicker
than thermal neutron free path, This channel structure is
typical to the Lenin icebreaker reactor and the reactor MR,
The consideration of the channel's geometry and changing of

A its composition in the course of the burn-out needs calculatid .
‘ programmes whose realisation takes a good many hours of fast

computer operation, Bhe necessity then springs up to evolve
sipmler methods to ensure satisfacory precision and to rest

on referance data obbtained in experiments snd accurste cgl-
culating procedures, It locks feasible for this purpose to
- tackle The problem in two stages: to de’ermine fixyst of all
the space variations of the thermal neutron spsctrum form or
25 YEAR RE-REVIEW|
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else, which ls 1ts equivalent, the space dependence of cross-
gections u.. then take up the one-veloclty equation with the
pre-given law of average cross-sections changes. FYurthermore,
it wakes lots of sense to try the simplest model to calcula-
to the neutron spectrum, for example, the diffusion heavy-
-gas model (perhaps, with effective moderator parameters),
and seek to find an acceptable spproximate solution of the
thermalization equation. Bearing it in mind that the thermali-
zationh%oxsrection is commonly 10% as to the value (1-6)/(
we may to decrease an error by an order in the case of sys-
tems without high temperature gradients, free of substances
with low energy resonances. The problem's second part for comp-
licated lattices, one cannot obviously do without the kinetic
equation to be solved, at least one per a cell, and two
or three times at a deep burnout. Thus , the artificial
means of the type of the Amouyal - Benoist-Gorowitz integral
method are practically out of the question. Expansion into
spherical harmonics does not necessarily provide the due accu-
racy, the Monte—Carlo methods are rationsl only to low symmet-
ry charnels (for those, say, of the first atomic power sta-
tion). The characteristics method (Vladimirov) and Sn-methods
(Garisson) seem most suitable for symmetric cells.

2o

The equation of neutron thermalization in the reactor
cell moderator in the space of coordinates and velocities un-
der diffusion approximation (it is supposed the mcaocatomic
heavy gas model) assumes the form:

DAF(E‘O*%&X‘{SZS v3 bf +§_Z_3V4_F] OZ {"’V QQ )

(1)

Bere {(F,V) is the neutron density in the space of coor-
dinates and velocities;
Zs ,D=(3Z,‘r)’i, v° ’Zz - are ordinary macroscopic con-

stants, which are said to be independent of tlie velocity V

T, - tempersture of a moderator in °K, K-  the constant

of Boltzman, » — mase of neutron, % ~gversage logarythmic
373
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energy decrement per collision; v" - the wmoat probable velo=-
city for the Maxwellian spectruw o the temperature 'L‘m 3
Qo(V) -~ neutron source.

Let us multiply equation (I) by ¢ .y and integrate for
all the velocities . Aware of the ruhavior of f  at \ =0
and o » obtain:

DAP(#)-v°ZN(M+q =0, (2)

o0 <o
where N(F)= [V f( rV)dV CP(T’)‘—"IVW(?‘,V)dV -~ are the
integral densit:y and the flux of noeutrona.

Equation (2) differs from an ordinary one-velocity dif-
fusion equation for thermal neutrons in its second member,
which substitutes for the member ( O/V)Z CP(V‘) « There~-
fore, a necessary suggestion for putting down a one-velocity
diffusion equation reads that the neutron integral density
N_(Y:) can be substituted by the ratio ®P(r)/V , where

Y - the average velocity for the Maxwellian spectrum of a
certain teuwperature Tn‘g. independent of the coordinates
and ascribed to the neutron distribution. It will be only na-
tural to make hers a next step on the suggestion still there
about, the Maxwellian type of the neutron spectrum in the
cell's moderator’ the spectrum temperature being looked upon
as & coordinate function, It should be noted that the results
of calculations and experimental data both confirm this apps
roximation.

By the multiplication of equation (I) by V>dv and
integration on all the velocities it is obtained:

DAP(F)- 252 @ + 2 3n (7 _vore P (F)g =0 (3)

where P(F) = I v f (F,v)dv.
(o]
Substituting in equation (2), (3) P(F)/V(F) for
¥(r) and taking it into account that the spectrum nature f#fom of
neutrons is similar in all the moderator points, the system

emerges

D@@(F)-% P FENHG =0,

(4)
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DA‘P(F)-%—“IH JERELIES T PIFIVELPF)G,=0  (5)

5.8 Q) (_vv_)ﬁ_g_ Tn.g.
BrPFE)’ V)T T (6)
The relation between the free members q and a4 is not
difficult to get making use, for one, of the wedl-known result
pertaining to the spectra in homogeneous mediums without spa-
ce gradients:

e Sl K= 184
and the corresponding solution of the system (4) + (6)
G _ 2 zc
e LIS (qV° )t ]

This brings 9 = 2,508 qV .
The boundary conditions on the cells' S¢ ocuter surface

7

are apparents

VPl =79, =0
lsc |Sc (8)

Once within the fuel block there are no light nuclei and the

exchange of energy between neutrons and nuclel is non-existent,
the purely diffusion boundary conditions on the surface of the
cylindrical block section and moderator R, can read as follows:

qo-o
VP _ol—.m | (Do LifRo})s3
Do R0_2[2kT”(R°)] }'f}, ( e e"P[ KT, )}d" 9)

8 [ m 15/2“_171-1—’( mv?
D% “3va | KT, R ] o Lo "‘”‘P[ 2T, (Ro}dv’ (10)

where Do=(5zo)-1 3 Lg = (320200)-1, Zo = Eoc (V) + ZOS -usually ma=-

croscopic fuel narameters.
Conditions (9) and (10) are easily generalised as to other

fuel block geometries.

The above calculation proCedure for & neutron thermaliza-—
tion model on the ideal monocdtomic gas of heavy nuclel can be
applied to real mediums carrying the selection of the effecti-
ve values of K and D parameters.

_Teking into account a very peculiar calculation of the

K]
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water moderator it must be borne !:.: mind not only how rough
the heavy gas model is, but also fire suggestion made: D =
const. The corresponding account o. wshe dependence D(v) would
cause the change of the equation (%), (5) without giving them
the due accuracy. Proceeding from -ie assumption that in the
water medium D ~ v and introducing lmmediately into the app-
roximate equations two constants D, and D¢ =D

to be considered independent of the coordinates, it is found:

oo 4
by _ [[roetd[[werd]
Dep [T xiex’d x] g ’

]

The choice of effective K and D values will be given in
section 3. The aproximate solution obtainec above of a therma-
lization equation makes it possible to average the cross-sec-
tions of neg!ti'gon interaction with the cell substances over the
energy range then to solve the one-velocity kinetic problem
with the cross-sections dependent on coordinates. It is note-
worthy, that there is no implication of the Maxwellian spect-
run form within the block whatsoever.

The one-velocity kinetic equation for the neutron distri-
bution function in the cell P is given the forms:

RVFF= 22 [F(FR)g (1o) dQ'+5(F) (1)

Here ¥ is the vector-radius of points‘Xx,Y, zZ, Q _
- a single vector of the neutron velocity direction,y0=cos(§-9');

g is the indicatrix of scattering , S(F‘) -is
the source of neutrons.

As usual, Q=i+ Ry kR,; Ry=sinF-cosg; Ry=sinsing; R=cos U,

where U -is the angle between K and & , vhile Y =is
the angle between 1 and the projection fé sgainst the
plane Xy ¥ .
To solve the equation (II) the method of characteristics
has been used {I}, (2} and the code has been compiled
for a fast computer.
Straight line segments -~ the paths of neutron constitute
the characteristics of the linear differential expression QVF .
Then the straight line l is chosen in coordinate space, and
L(, ~ paramebter is introduced descriptive of the length onl.
%n *he points of the straight line the neutron flux moving in

A
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>
the direction <L » colnuiding with l is describable
in terms of the equation:

dF S —
'dT /wr[F )d52+3(r‘, : (12)

For obtailning the exhausting picture of neutron distribution
in the circular cylindrical cell it is sufficient to consider
the straight lines 1 on the planes y = const. and neutrons
moving along these straight lines, Indeed, the function F in
this case is dependent on the module of projection ¥ against
the plane x, y,, the angle O between the direction of neutron
movement and the axls 2z and the angle \/ between projections T
and &2 against the plane x, y, Apparently, the variation range
of these variables is exhausted as long as we move along all
the straight lines 1,

Let, the charactemstics 1 forms the angle © with
the axis z, then df = (1 - 2) y"d.x, where ¥ = cos , and
the equation (12) may be written as follows

bF(;;Y,) s F"W[ Zs [F(r, Q)g(uo)dcz'+s(r]

The neutron reflection conditions on the cell boundary
are looked upon as the boundary rconditions for ¥
F(Rh H’X) = F(Rh-}‘l’X))Where (14)

R,‘ is the cell radius,

M=x[r=cos Py 0=x?+y 0T syl 1= pu=,
It is possible to consider that CI‘OSB-BeCthRB r Zs are
step constant functions,
and the scattering is linear anisotropic one ,that is

9(“0) = 1+3}‘o Mo,

where |I, represents the average scattering angle cosine.
The right part of the equation being expressed (3) through @,
the equation reads as

Q:_\/1—1_T[25©+3F°}1 Vi=y £ I+ (M| »

41 1 t
-1 dﬂz . Y= 1 pd
W-LW W JFdx S Ry

373
Lol 6 -

Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110020-7



Approved For Release 2009/08/26 : IA-RDP88-OO904ROOO‘IOO1 10020-7

The equation ( :) with the con' Li.a 1) is convenient to
s80lve by the igeration wmetho. . - Loee predetermined appro-
ximate expremsion for Q. At .rouee ., the 'irst approxima-—
tion contains P, - value of o nly 4 and J , to come
over, however, in the most > oot fubure to P3 -30-~
lution a8 the fiual one .or . .uple celil calculation. The
ordiniry nonhowogonius difrferential equation of the first
order wlong the characteristic |
OF(x,y,y) Yo
bxyx + \/1’sz"("<:le):(1

is solved at the fixed Yy and Y parameter values, F being
determined in the cross—points between the characteristic and
the stralghtline X=0 and semi-¢ircumferences +y ~r‘t ;
o=sri=sRy 5 yv=0.

The variable ¥ me sh-points find themselves to be
the positive roots of the Legandre even polynonials, mean-
while, the spacing o y is not affected by the choice Iy .
The solution of the equation (16) calls, above all, for
finding F:Fo at the characteristic's left end. For this pur-
pose, in the equalities, which link up the two function va-
lues F in meighbouring points on the characteristie, all
the Fn are subsequently excluded from as early as Fq. As a re-
sult, the relation between Fo and Fn comes about where Fn is
the value of F at the right end. The relation, as well as
the boundary condition FO=FN defines Fo.

For the distribution function .integral the formula is
taken of the fourth precision order.

Once integrated, the equation (16) along the characte~
ristic within the stretch from point (X,4, ¥ ) to point
{ XpyY ) yields

(16)

Xn Xn

mey,g)-F(xn.wy,zs)%ﬂ Fe=] Q0,0

Xn-1

(18)
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On solving the equation (16) with the right part the cycle
resumes as soon as the new value of Q is arrived at. To bring
about better convergence the iteration method ls used where
the major daviation from the exact solution is to be found
within the P,| - approximation, and the L.A. Lusternik method
is involved as supplementary one. (3).

The process 1is ended as soon as the difference of ® va-
lues in any of the cell points for the two forthcoming itera-
tions comes below the given value ¢ . £ being equal to
10~%, 1t is sufficient accomplish  ~ 15 iterations. The
functions F, P and J come to the print. It takes all
in all 10 - 15 minutes to calculate the cell.

Up to 128 points along r , 80 point for y and 16
points for X are allowed.

In further calculations it proved indispensable to use
as many a8 100 points along the radius, 60 y -points and 5
points for ¥ « The vicinity of the moderator and absor-
ber section boundaries, that is to say, in the areas of sub-
stantial changes of P , the radial step was smaller.
The spacing for y grows in the absorber, because of the
h* ~™ar f£flux anisotropy.

It 18 noteworthy, that the specific one-velocity
calculation of a few ring multi~layer cells with a water
moderator~-the cell study is forth—coming, ~ was indicative
of that the accepi:d neutron scatterl. gy anisotropy count was
detailed in excess, and l¢ is liable to an easy subs-
titution by L. =(1-jMo)Zq without any loss of accuracy
as 1is done in the diffusion approximation.

As the reference point in controlling the code the
calculation of a double-zone cell was chosen, investigated
in the study [4)

Its parameters: R,=13cm, R,=11,28cm,
L0c=0,3230 cu”] T,=0,722ca™] %,.=3,118.10 *ca™,
2, =037 em™ Joo=lg =0, S,=0, S4=1

The below result of the calculation of the characteristic
method ratio P,/ P,  is compared with the outcomes of the
study (4) (Table I )

It must be borne in mind that the reflection conditions
on the cell houndary (14) are not rigorous, provided the
water film 1s thin enough the latter might involve higher
values for % /%, .

373
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In the above instance thim erconr does not show through,
yot, the results of the followiny section for the small radius
cells are likely be pregnant witn ihe lack of percision,

5.
The thermal utilirzation, calculation scheme as described in
section 2 requires as mentioned above, the selection of ef-
fective values for thermaliration parameters Kk and D.

Fig. I shows the calculation results of neutron gas
tenperature distribution in the cellx) with a water moderator
and block of the natural uranium, detailed upon in the study
by lOBtOVOyUJ The temperature of the intra~block neutron gas
under the conditions of a Mameonrelliam fora spectrun was
understood to be the value of Tn.g = (m v";,,)//«t\’ where Vp
the most probable velocity of the distribution vZon(v).

It is common knowledge that the experimentally obtained
neutron spectrum was that of neutrons moving parallel to the
blocks; therefore as long as r =( the stars mark down the
values obtained by Martchuck, Smelov (etc.)Es] in solving the
Knetic thermalization equation for parallel and normal
beams and for spectrum which has been averaged in the direc-
tion of the neutron flight. It is evident, that the values

K= 1,4 (7) /respectively , q, =2,223 q ve 7/ *
and D = 0,1561 \/Tn‘g_/294 ensure a substantial degree

of coincidence of our results with the most reliable infor-
mation pertaining to the neutron ghectrum in this cell. y
Instantaneously upon the finding of Tn.g. (for the
indoor water temperature only) followed tHe determination of
the N(r) - integral density distribution represented in
Fig. 2 by the dotted line. The solid line there is a result
of the kinetic calculation with the prematurely selected
distribution Tn-S- (r); the points are the results of the
experinents by Stolyarov and al. /8/ obtained by way of cop-
per Toil activation. Conscious of the experimental errors
outzide the drawing, the calculation still lonks satisfactorys )
the diffusion curve proved too sloping as should have been

sxpacted.

)
s caleulation was made of a cell with the set aluzinin=

the exact distribution of alluminium being representeil

2

™ P
L1 LR L
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The "exact™ value of B = 0,7 ; {lbe diffusion calculation
gives 8 = 0,8007 and, -« .auejuently, brings sbout an
error ~ 10% into the ratio "/,

The scheme also underwen! Lesting by the calculation of
other geometrically simple uranium-water lattices, among them
those with slightly enriched metallic blocks which once were
a matter of most close study in the Brookhaven National la-
boratory, USA (BNL). Tables II and III quote the typical re~
sults for the cases where the "blackness"™ is nearing the
extreme.

It should be remembered that throughout our calculus the
use was made of the uranium neutron cross~section system (‘IO],
slightly different from that accepted in the Brookhaven labo-
ratory, all the wore since the transition to the latter con-
siderably deteriorates the agreement between the experimental
and calculation data. It is very likely to be explained by
the insesitivity of our calculations toward the position of
the upper boundary of the thermal neutron spectrum.

For simple cells "the pre~heating" within the block is
practically independent of the lattice step, and the tempe-
rature of a cell boundary is approximately desdaribed by the

ELs

Tt 1s of interest to trace whatcve ~ffect different calcu-
Iation approximations heve on the cat. - =d wslue of O .Bable IV
ghows an example of tiir on the -6 ~1al of cells with
~¢kn of 0.600 inch diameter znd crwiclio it 1.3% o (See
] 1Y,

simple relation R
Pr.g.” Ta |ﬂ * h(‘—L) /(1_9)]

Uiesrly, io all the above cases the diffusion approxiau—
tion ervor 1s oubmeighir:y slthough thermmlizatiom effect at
Lhe large spacing uiars cver gresater importance.
ninsk calculations confirm

v

Thus, »*~ gizple cylindrice!l
the efficiency 7 thisg rathod ani cxt thé door open for congi-
T iny more compiicsted sells. an i cmarnle, the light-water

ssve heen chosen with fuel chspnels zopcsislly designed
study of wrauivs-wolber rsactor eritileslity. The chan-
gearctricelly ~orples £ mell ae the whols of the
LIS The thiamaba i L LY Polnping systea of two,

© Four tabnizr T i e coox beling inesrted
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into each other.

UQ, with the enrichment of ~ 20% perve as fuel, the clad-
ding and the channel®s jacket tube are made out af ptainless
steel, the sizes transpire very well from the figures.

Fig. 3. and 4 illustrate the results ofam one-velocity
calculation for the flux distribution along the three-ring
channel cell, as effected in P,- Py -~  and kinetic appro-
ximations for the real geometry and for single-zone channel
model-with cross-sections of the averaged type. In the latter
case P3 - calculation differs from kinetic one so very little
that it become possible to chart out a single common line
instead of the two curves. Simultaneously, this common curve
is vastly dj.iterent from the distribution not only in the lar-
ger absorbtion region but in the moderator as well, provided
this distribution is representative of the fine channel struc-
ture. In this way, the exact complex cell calculation should
be hased invariably on the detailed description of i:s geo~
metry, this description on many occasions appearing mora
esgsential than the extensive description of diffusion pro-
cess. The cases, however few they might be, when by force of
accidental occurences the flux for a single zone model looks
more or less coinciding with the actual chsnnel flux (Pig.5)
the error in might be substantial because of a suffi-
clent neuggon "depression" by the fuel layers.

It is appropriste to mention that the approximation P3
turas out to lack correctness so far as it is peorly descrip-
tive of the intra-channel neutron distribution, anywsy, for
the absorbing layers of the optical thick:ness.(Zm.) z-c = 0,5,

Thusg, the sa=—like vibraticns of the P3-flu1 in Pig.3
are about two times less than the exact ones. Fig. 5 is par-
ticularly dedicated (henceforth a little exaggerated repre-
sentation) to the kinetic flux in the rings for the three va-
lues ZC of ring different from each other by two times;
the flux alteration range in this case is almost strictly
proportionate to ZC of ring.

The comparison between the flux distributions cslculated
after the scheme under discussion with the fluxes obtained
in the suggestion of the neutron spectrum in the cell volumae

]

oS L
- Ll"‘l,’?d 5 ZgJ }

i : -~ . e 2 + W —
selng consvant (2es l1lian with e =
: ng,

givep in fig

-1 -
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Despite the inconsiderable divergence im fluxes the error
in 0 looks substantially big, it is, above all, due to the
difference in the neutron gas tempsratures (See Table V).

The fig. 7 is illustrctive of that the Fick law for the

diffusion J =-DV$P provided the solution is exact enough,
does not hold even qualitatively, and the number of sign chan-
ges of the neutron current curve J 1s not equal to the
number of the extremums of the P flux.
However, the diffusion current is by far closer to the exact
than is the diffusion flux in relation to the exact flux,that
cen be helpful in the numerical solution for the calculation
of derivatives in the formula (18).

The flux redistribution in the process of the fuel bur-
nout (Fig. 8) leads to a marked change in the absorption ra-
tio in different rings. Thys, if the heating power in the
outer riug makes unity the middle and inRer ring intensity
changes with regard to the data of Table VI.

Glearly, these redistributions must count in choosing
the coolant £low rate through the gaps and the burnout calcu-
lation simplif:cation must be approached in a wvery careful
manner.

Finally, Fig. 9 -~ 11 gives the neutron gas temperature
distributions and those of neutron fluxes along the cell ra-
dius with two, three or four ring channels. One cannot fail
to notice that the "pre-heating” inlﬁ’ﬁc%r the rings depends
very loosely on their number, and the spacing , for that mat-
ter, and is primarily determined by the optical thickness of
a ring. The calculated values of § for cell wariants, as
presented in the figures are brought together in Table VII .

The inner fourth ring is so hardly screened that its ad-
dition does not affect O , particularly at larger spacings
when the thermal neutron generation in the internal cavity
does not matter.

Table VII data were employed to analyse the critical
experiments and proved rather benefitial for the agreement
between the calculated and exparimental data within the fra—
mework of few-group models.

REFERENCES

I. Vladimorov V.S. "Computation Mathematies" , 3, 3 (1958).

373
- 12 -

Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110020-7



Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110020-7

2. Rightmeier R.D. Differential methods of Marginal Problems
Solutions. Moscow,Foreign Literature Publ. House, 1962.

3. Twsternik L.A., "Comments on Numerical Marginal Problem
Solutions of the Laplase Equation and Eigenvalue Calgula-
tions by Grid Methods". Math. Inst.Papers of the Ac. of
Sc., USSR, 1947, 20, 49-64,

4, Amouyal A., Benoist P., Horowitz J. "Nouvelle Methode de
Determination du Facteur d'Utilisation Thermique d'une
Cellule". J. Nucl, Energy, 6, 79 (1957).

5. Mostovoy V.I. et al. Neutron Spectrum Measuring in Ura-
nium - Water and Uranium-Monolsopropildifenile. "Atomic
Energy", 13, is. 6, 547 (1962).

6. Martchuk G.I. et al. Slow Neutron Spectrum Calculations.
Papers of Third International Conference on Penceful Use
of Atomic Energy. Geneva. 1964,

7. Martchuk G.I. et al. Slow Neutron Spectrum Calculation
Methods . Atomic Energy, 13, 1issue 6, 534 (1962).

8. Feinberg S.M. et al. Fuel Burnout in Pressurised water
Power Reactors and Ubsnium-Water Lattice Experiments.Pa-
pers of the Second International Conference on Peaceful
Use of Atomic Energy. (Geneva, 1956). Rep. P/2145.

9, Honeck H.C. The Calculation of the Thermal Utilisation
and Disadvantage Factor in Uranium- Water Lattices.Light
Water Lattices, Technical Report Series 12, Int.At. En,
Agency, Vienna, 1962.

10. Hughes D.J., Schms#rtz R.B. Neutron Cross Sections,
BNI~325, Second Ed., 1958.

373

Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110020-7



Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110020-7

0.9140 0.9228 0.9229 0.9245
0.8884 0.8985 0.8991 0.9011
0.8389 0.8512 0.8529 0.8554
0.7921 0.8060 0.8087 0.8116

TABLE V
The Effect of Changing Tn.g. upon B

Four Rings Two Rings

"The Exact 0,574
Calculation" 0.8499

Tn.g. = CODBt. 0.5969 008570

TABLE VI
The Burnout and Changes of P in the rings

Average Uranium =235 Middle Ring Inner Ring
Burnout

0] 0.5038 0.3081
25% 0.5860 0.3742
50% 0.6881 Ovb4674

TABLE VII
Values G for Ring Channel Cells

Cell Radius, Two Rings Three Rings Four Rings
cm

2.625 0.850 0.875 0.879
4,725 Ov562 0e574 0.574
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